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Deletion of the Neuron-Specific Protein
Delta-Catenin Leads to Severe Cognitive
and Synaptic Dysfunction
gross brain abnormalities (Supplemental Data available
with this article online and Figures S1 and S2).
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We investigated whether the lack of -catenin would2 Department of Pathology and Laboratory Medicine
lead to cognitive deficits. To evaluate spatial learning,3 Department of Neurobiology
we tested -cat/ mice in the hidden version of the4 Department of Psychiatry and Biobehavioral
water maze [6]. Across days, wild-type animals showedSciences
an improvement in the time taken to find the platform,5 Brain Research Institute
whereas -cat/ were unable to learn the platform loca-University of California
tion throughout the 2-week training period (Figure 1A)Los Angeles, California 90095
and took significantly more time to get to the platform6 Department of Neurology
than the wild-type did at the end of training (Fisher’sBrigham and Women’s Hospital
protected least-significant difference [PLSD], p  0.05).Harvard Medical School
We also assessed spatial learning in probe trials (PT) [7]Boston, Massachusetts 02115
(arrows in Figure 1A). On day 8, wild-type mice already
searched selectively for the platform in the training
quadrant (TQ) compared to other quadrants, whereas
Summary -cat/ searched randomly and spent significantly less
time searching in the TQ than wild-type (Figure 1B).
Even after extended training, a PT given after 14 daysDelta-catenin (-catenin) is a neuron-specific catenin,
indicated that -cat/ mice failed to learn the platformwhich has been implicated in adhesion and dendritic
location (Figure 1D). During all PTs, -cat/ alwaysbranching [1, 2]. Moreover, deletions of -catenin cor-
searched for significantly less time in the TQ than wild-relate with the severity of mental retardation in Cri-
type mice (Figure 1C). We also observed that -cat/du-Chat syndrome (CDCS), which may account for 1%
swam slower than wild-type littermates during the PTsof all mentally retarded individuals [3]. Interestingly,
(wild-type  23.15  0.47 cm/s; knockout  13.17 -catenin was first identified through its interaction
1.89 cm/s; F1,14  40.35, p  0.05). Additionally, thewith Presenilin-1 (PS1), the molecule most frequently
-cat/ group had a significantly greater number of ani-mutated in familial Alzheimer’s Disease (FAD) [4]. We
mals that did not complete the task because they devel-investigated whether deletion of -catenin would be
oped floating behavior (6 of 12 -cat/ were excludedsufficient to cause cognitive dysfunction by generating
compared to 3 of 14 wild-type). These results indicatemice with a targeted mutation of the -catenin gene
that -cat/ mice have severe deficits in the hidden(-cat/). We observed that -cat/ animals are viable
version of the water maze.and have severe impairments in cognitive function.
Despite the fact that the hidden-water maze is a sensi-Furthermore, mutant mice display a range of abnor-
tive measure of spatial learning and hippocampal func-malities in hippocampal short-term and long-term syn-
tion [6], deficits in motor coordination, motivation, andaptic plasticity. Also, N-cadherin and PSD-95, two pro-
visual acuity can also impair performance. Therefore, ateins that interact with -catenin [1, 5], are significantly
second group of animals was tested in the visible plat-reduced in mutant mice. These deficits are severe but
form version of the water maze, a task that is not affectedspecific because -cat/ mice display a variety of nor-
by hippocampal lesions [8]. Both mutant and wild-typemal behaviors, exhibit normal baseline synaptic trans-
animals learned the task (Figure 1E), and indeed, timesmission, and have normal levels of the synaptic ad-
taken to reach the visible platform improved and wereherens proteins E-cadherin and -catenin. These data
not different between the groups at the end of trainingreveal a critical role for -catenin in brain function and
(Figure 1E). In contrast to the hidden-water maze, nomay have important implications for understanding
differences in floating (none observed) or thigmotaxic
mental retardation syndromes such as Cri-du-Chat
behavior were observed in -cat/ in this version of the
and neurodegenerative disorders, such as Alzheimer’s task, and it is therefore unlikely that these behaviors, or
disease, that are characterized by cognitive decline. the reduced swimming speed of -cat/ in the hidden
version, are due to deficits in their ability to perform the
procedural aspects of the task.Results and Discussion
To confirm that the deficits seen in -cat/ mice were
spatial in nature, upon completion of the visible mazeGeneration of -catenin Mutant Mice
testing (8 days), we switched the animals to the hiddenWe generated mice carrying a targeted mutation in the
version of the task for an additional 8 days as previously-catenin gene and observed that homozygous mutant
described with PTs administered on days 12, 14, 16,mice (-cat/) are viable and do not appear to have any
and 18. Immediately during the first day of hidden train-
ing, we observed differences in the time taken to reach
the platform between wild-type and -cat/ (Figure 1E).*Correspondence: xliu@mednet.ucla.edu
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Figure 1. -cat/ Mice Have Learning Defi-
cits in the Morris Water Maze Tests
(A) Acquisition of the hidden-water maze
(H-WM). -catenin mutants fail to acquire the
H-WM task even after 14 days of training
(F13,112  0.54, p  0.05; 44.7  5.1 s on day
1 and 41.3  7.8 s on day 14) (n  6) whereas
wild-type (WT) littermates learn the platform
position (F13,154  5.55, p0.05; 44.0  5.1 s
on day 1 and 12.0  3.0 s on day 14) (n 
11). Overall, animal latency to the platform
improved (F13,247  3.32, p  0.05), but there
was a significant interaction between training
day and genotype (F13,247  2.78, p  0.05).
The average time to reach the hidden plat-
form is plotted.
(B) H-WM probe trial results after 8 days of
training in which WT mice spend significantly
more time searching in the training quadrant
than mutants (WT in TQ  35.71%  3.86%,
knockout (KO) in TQ  20.37%  2.81%;
F1,27  6.26, p  0.05). Mutants search ran-
domly between the various quadrants (F3,20 
1.39, p  0.05), whereas WT mice search se-
lectively in the TQ (F3,40  5.20, p  0.05).
Black or white bars indicate the percent time
that WT or KO animals spend searching in
each maze quadrant. The following abbrevia-
tions are used: TQ, training quadrant; AR, ad-
jacent right quadrant; AL, adjacent left quad-
rant; OP, opposite quadrant.
(C) Over time and across multiple-probe tri-
als, WT mice spend significantly longer
searching for the platform in the TQ com-
pared to -cat/ animals (TQ; day 10: WT 
39.61%  3.56%, KO  16.38%  5.26%,
F1,15  14.10; day 12: WT  41.18%  3.53%,
KO  25.67%  9.07%, F1,15  3.65; day 14:
WT  49.44%  5.08%, KO  31.15% 
9.68%, F1,15  3.45).
(D) H-WM probe trial results after 14 days of training. Mutants search randomly between the various quadrants, whereas WT mice search
selectively in the TQ (WT, F3,40  23.54, p  0.05; KO, F3,20  1.20, p  0.05).
(E) Visible-water maze (V-WM) and hidden-, postvisible, water maze average latencies to the platform are plotted. In the V-WM, mice acquired
the task (F7,84  41.89, p  0.05), and there was no significant interaction between training day and genotype (F7,84  1.54, p  0.05). Latency
to the visible platform improved in both groups (WT: 47.06  4.90 s on day 1, 8.06  2.15 s on day 8, F7,56  32.00, p  0.05; KO: 51.67 
4.52 s on day 1, 9.17  1.81 s on day 8, F7,40  11.63, p  0.05), and no differences were observed between -cat/ (n  6) and WT (n  8)
at the end of training in the V-WM (WT  8.1  2.15 s; KO  9.2  1.81 s; F1,12  0.18, p  0.05). After the V-WM, significant differences
between WT (19.1  6.5 s) and -cat/ latencies (43.4  5.6 s; F1,11  6.79, p  0.05) were seen during the first day of the H-WM, which did
not improve over time (F9,108  0.39, p  0.05). There was a severe effect of genotype (F1,9  208, p  0.05) but no significant interaction
between genotype and training day (F9,108  0.71, p  0.05). Again, the differences in latencies persisted as -cat/ mice failed to acquire a
spatial search strategy (day 18: WT  13.4  6.8 s; KO  52.1  3.8 s; F1,12  20.46, p  0.05).
(F) Probe trials in the H-WM following the V-WM. Learning deficits in -cat/ mutants that failed to search selectively (TQ; PT day 12: WT 
38.89  2.58, KO  22.76  2.04; F1,11  19.24, p  0.05) over multiple probe trials (PT day 14, F1,11  8.91; day 16, F1,11  6.81; day 18, F1,11 
3.62) despite pretraining in the V-WM. Dashed line indicates random search (25% in each quadrant).
This result indicates that wild-type animals, but not results suggest that -cat/ animals do have the visual,
motor coordination and motivational requirements to-cat/, learned a search strategy during pretraining in
the visible water maze. No further improvement in la- perform the water maze task and that the deficits ob-
served are probably spatial in nature.tency was observed during training, and there was no
significant interaction between genotype and training
day, although there was a severe effect of genotype -cat/ Mice Have Normal Anxiety
and Exploratory Activity(Figure 1E). Furthermore, wild-type animals rapidly
learned to search selectively for the hidden platform The poor spatial learning of -cat/ in the water maze
was not likely caused by stress incurred from the testingduring PTs compared to -cat/, which did not (Figure
1F). Throughout the remaining probe trials, -cat/ ani- environment because there were no significant differ-
ences between wild-type and -cat/ in basic explor-mals spent significantly less time searching for the hid-
den platform in the training quadrant than wild-types atory activity (Figure 2E) or anxiety (measured by thig-
motaxic behavior, Figure 2F) in an open field with the(Figure 1F). Interestingly, once the maze task reverted
to the hidden version, some -cat/ started to float (2 same dimensions of the water maze and placed in the
same environment. We also did not find differences be-of 7 knockout, 0 of 8 wild-type). Taken together, these
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tween the activity of wild-type and -cat/ animals in a
small novel chamber (Figure 2C). Taken together, these
data indicate that -cat/ animals have normal levels
of exploratory activity and anxiety.
-cat/ Mice Are Impaired
in Pavlovian Fear Conditioning
To assess if the -cat/ mice would be impaired in
other learning paradigms, we tested them in a fear-
conditioning task [9]. No differences in pain perception,
pain reactivity, or ability to freeze were observed in
-cat/ mice; freezing before training and immediately
after the foot shock delivery was similar between the
groups (Figure 2A), and a comparable unconditioned
response to the foot shock, measured as the jump veloc-
ity [10], was observed between -cat/ and wild-type
mice (Figure 2D). Wild-type animals showed robust con-
textual conditioning 24 hr later, freezing 50.74% 
7.88% of the time, whereas -cat/ animals froze signifi-
cantly less: 21.78%  5.38% (F1,12  7.68, p  0.05),
although still significantly more than before training
(F1,10  8.38, p  0.05) (Figure 2A). Auditory conditioning
assessed 48 hr later was also impaired in -cat/ mu-
tants as indicated by wild-types that froze 37.16% 
7.27% of the time in response to the tone, whereas
-cat/ froze only 14.00%  3.79% of the time (F1,12 
6.37, p 0.05), which was not significantly different than
pretone freezing (F1,10  3.32, p  0.05) or pretraining
freezing (F1,10  4.86, p  0.05) (Figure 2B). Wild-type
and -cat/ animals showed no significant differences
in pretone freezing in the novel chamber (wild-type 
13.75%  4.30%, knockout  5.69%  1.86%, F1,12 
2.31, p  0.05) (Figure 2B). These data confirm that
-cat/ animals have severe learning deficits that ex-
tend beyond spatial-learning impairments.
Motor Coordination in -cat/ Mice
We investigated if -cat/ mice were affected in implicit
motor-skill learning on an accelerating rota-rod. Overall,Figure 2. -cat/ Mice Are Impaired in Pavlovian Fear Conditioning
animals improved their performance across trials (F7,140 and in Motor Coordination in the Rota-Rod but Show Normal Explor-
17.72, p  0.05), and we did not observe a significantatory Behavior and Anxiety
interaction between trials and genotype (F7,140  0.83,(A) -cat/ mice show deficits in contextual conditioning and freeze
significantly less than wild-type (WT) animals. No significant differ- p  0.05), indicating that both groups learned the task
ence in freezing between the -cat/ (n 6) and WT (n 8) animals at a similar rate (Figure 2G). Nonetheless, we observed
was observed prior to (WT  4.44  1.42; knockout (KO)  5.10  a significant effect of genotype (F1,140  5.37, p  0.05),
1.50; F1,12  0.10, p  0.05) or after (WT  21.35  7.92; KO  and -cat/ mice fell off the rotating rod sooner than
13.06  5.08; F1,12  0.66, p  0.05) the foot shock during training. wild-type mice, indicating an overall deficit in motor(B) Cued conditioning was assessed 48 hr after training in a novel
coordination. This deficit does not explain the pattern ofcontext during a 3 min exposure to the training tone. -cat/ animals
froze significantly less than WT animals, and baseline freezing in the results observed in the water maze and fear conditioning
novel chamber was not significantly different between the groups. tasks because the animals demonstrated the ability to
(C) -cat/ animals showed similar levels of activity as WT animals perform the procedural aspects of these tasks.
both prior to (WT  30.87  3.82, KO  27.13  2.43; F1,12  0.58,
p  0.05) and after the training shock.
(D) No significant difference in pain perception between -cat/ and
WT subjects (WT  85.4  11.0 cm/s, KO  82.2  9.1 cm/s; F1,13 
spent in the inner versus outer zones of the open field was com-0.05, p  0.05) was observed as assessed by their reactivity to
shock (jump velocity). pared.
(G) In the accelerating rota-rod, -cat/ mutant animals (n 8) show(E and F) -cat/ mice show normal anxiety and exploratory behav-
ior in an open field. (E) No differences in path length were found deficits in motor coordination compared to WT animals (n  8),
although both groups show an increase in the latency to fall acrossbetween WT (n  8) and -cat/ (n  7) animals (WT  2692  202
cm, KO 2196 499 cm; F1,13  0.51, p 0.05). (F) No differences in trials (WT trials 1–8 from: 116.00  13.99 to 220.20  23.35 s; F7,72 
4.30, p  0.05; -cat/ trials 1–8 from: 53.83  18.77 to 156.08.2 thigmotaxic behavior were found between WT and -cat/ animals
(inner/outer region occupancy ratio: WT  29.4/70.6; KO  38.3/ 23.37 s, F7,88  2.48, p  0.05), indicating that they improved their
performance across trials.61.7; F1,13  0.26, p  0.05). The percentage of time each animal
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Figure 3. Short-Term and Long-Term Plas-
ticity Alterations and Unaltered Basal Input-
Output Function in the Hippocampus of
-cat/ Animals
(A) Normal synaptic responses of -cat/ ani-
mals as measured by the input/output curve.
Fiber volley amplitude versus the fEPSP
slope is graphed at each stimulation intensity
tested: 10, 25, 50, 75, 100, 125, 150, 200, 300,
400, and 500. No significant differences were
observed between wild-type (WT) and -cat/
mutant slices (n  10 WT, 9 knockout [KO]).
(B) Paired-pulse facilitation revealed deficits
in short-term plasticity in -cat/ slices (n 
15 WT, 12 KO). Significant differences be-
tween -cat/ and WT slices were observed
at 50, 100 and 200 ms intervals. (25 ms, WT
113.08  3.33, KO  106.10  2.93; F1,25 
2.45, p  0.05; 50 ms, WT  125.77  1.85,
KO  120.51  1.38; F1,25  5.06, p  0.05;
100 ms, WT  123.64  1.53, KO  116.92 
1.44; F1,25  10.15, p  0.05; 200 ms, WT 
114.48  2.24, KO  106.95  1.87; F1,25 
6.53, p  0.05; 400 ms, WT  103.53  2.05,
KO  99.15  1.44; F1,25  2.97, p  0.05).
(C) Abnormally enhanced synaptic potentia-
tion in -cat/ mice with an LTP-inducing
protocol of 100 Hz for 1 s, 10 ms ITI. Percent-
age of baseline/field EPSP (fEPSP) is plotted
over time (n  10 WT, 12 KO).
(D) Deficits in synaptic potentiation in -cat/
mutant mice when stimulated with a 10 Hz,
for 10 s, 100 ms ITI LTP-inducing protocol
(n  13 WT, 11 KO).
(E and F) With both 10 Hz and 100 Hz tetanic
stimulation, -cat/ mutants show decreased
facilitation during the stimulus relative to WT
slices (10 Hz: WT  126.77  2.50, 130.60 
5.50; KO  113.71  4.22, 113.27  7.10;
F1,18  5.51, p  0.05; 100 Hz: WT  129.26 
3.94, 112.53  3.62; KO  116.78  3.68,
102.53 3.19; F1,27  5.81, p 0.05). Facilita-
tion is expressed as the ratio of the second
and third EPSP amplitudes, normalized to the
first, during the train.
(G) An LTD protocol of 1 Hz, 900 pulses,
produced abnormal synaptic potentiation in
-cat/ slices (n  8 WT, 8 KO). (C, D, and
G) Representative EPSP traces for each ex-
periment are shown with baseline responses
in gray and potentiated responses in black.
The scale bar represents 250 msec on the x
axis and 10 mvolts on the y axis.
(H) Summary of the synaptic plasticity alter-
ations observed in -catenin mutant mice.
Hippocampal Synaptic Structure postsynaptic densities (PSDs) in both groups of animals
(Figure S3). Furthermore, there were no significant differ-and Input-Output Function
Are Not Altered in -cat/ Mice ences in basal synaptic transmission between wild-type
and -cat/ mice as measured by the input-output func-We compared the synaptic ultrastructure of -cat/ and
wild-type littermates and found asymmetric synapses tion of CA3-CA1 synapses (Figure 3A). These observa-
tions suggest that under baseline conditions, the num-consisting of presynaptic vesicle pools opposed by
Delta-Catenin Deletion Leads to Cognitive Deficits
1661
ber of synaptic connections, amount of neurotransmitter
release, and postsynaptic responses of -cat/ neurons
are comparable to those of wild-type.
Abnormal Synaptic Plasticity in -cat/ Mice
Learning is thought to be mediated through changes in
neuronal plasticity in various brain regions [11–14]. We
therefore examined synaptic plasticity at CA3-CA1 Schaf-
fer collateral synapses in hippocampal slices from
-cat/. We assessed short-term synaptic plasticity in
-cat/ by using a paired-pulse facilitation (PPF) proto-
col. -cat/ had a significantly lower PPF ratio than wild-
type mice at several inter-pulse intervals (IPIs) in the
range of 50–200 ms (Figure 3B), indicating that -cat/
mice have impairments in short-term plasticity.
We next investigated more stable forms of synaptic
plasticity that can last from minutes to hours in -catenin
mutants. We started by inducing long-term potentiation
(LTP) using a high-frequency stimulation (HFS) of 100
Hz. Hippocampal slices from both wild-type and mutant
animals showed robust LTP (wild-type: F1,26 34.09, p
0.05; knockout: F1,30  79.48, p  0.05). However, slices
from -cat/ animals showed larger synaptic potentia-
tion than wild-type slices (wild-type  159.64% 
10.21% of baseline, knockout  193.14%  10.45%;
F1,28  5.19, p  0.05, LTP 10 min, average 35–45 min
after tetanus) (Figure 3C). This indicates that synaptic
plasticity in -cat/ animals was abnormally enhanced.
We also wanted to assess whether a low-frequency
stimulation (LFS) protocol of 10 Hz, which mimics the
in vivo activity of hippocampal neurons during explor-
atory behavior [15], would produce similar alterations in
synaptic plasticity. This protocol induced a potentiation
of 150.70%  6.67% in wild-type hippocampal slices
but only of 127.60%  3.76% in the mutants (F1,22 
8.38, p  0.05) (Figure 3D). This was unexpected be-
cause, with HFS, we observed an enhancement of po-
tentiation in -cat/ animals. To determine if differences Figure 4. Abnormal Synaptic Protein Composition in -cat/ Mice
in PPF may lead to the pattern of LTP alterations ob- (A) Diminished N-cadherin and normal E-cadherin in brains of
-catenin null animals. The same blots were reprobed with a Vinculinserved in the -cat/ mutants, we measured the amount
antibody as a loading control.of second and third pulse facilitation during the 10 and
(B) Cadherin-associated -catenin is significantly reduced in -cat/100 Hz tetanus and found that -cat/ mice showed
animal brains while total cellular levels of -catenin are not altered.
impaired facilitation compared to wild-type animals in Tissue lysates were immunoprecipitated with an anti-pan-cadherin
both protocols (Figures 3E and 3F). These data suggest antibody and then blotted with an anti--catenin antibody. Actin
that the mechanisms responsible for the abnormally en- serves as a loading control.
(C) Reduced PSD-95 protein levels in -cat/ mice. Synaptophysinhanced or deficient LTP seen in the -cat/ animals are
and Presenilin 1 levels are comparable between wild-type (WT) andmost likely independent of the observed alterations in
-cat/ animals. Actin serves as a loading control.short-term plasticity.
(D) Quantification of E-cadherin, N-cadherin, and PSD-95 protein
It is also possible that the pattern of LTP results ob- levels in WT and -cat/ brain lysates. Data are normalized to WT
served in -cat/ mice is related to the frequency used levels and are represented as fold changes.
(i.e., HFS producing enhanced LTP, and LFS producing
decreased LTP). We therefore assessed the plasticity
either abnormally increase or decrease their long-termof -cat/ synapses by using very low-frequency stimu-
synaptic efficacy in a frequency-dependent mannerlation (1 Hz) commonly used to induce long-term depres-
(Figure 3H). This nonlinear pattern of abnormalities insion (LTD). This protocol produced synaptic potentiation
long-term synaptic plasticity suggests that -catenin de-rather than depression in mutants, whereas wild-type
letions affect different mechanisms involved in experi-slices showed a decrease in potentiation (wild-type 
ence-dependent synaptic modifications.97.35%  0.82% of baseline, F1,28  4.78, p  0.05,
knockout 135.44% 0.79% of baseline, F1,28 987.07,
Alterations in Synaptic Proteins in -cat/ Micep  0.05; between wild-type and knockout groups,
Given that synaptic activity can modulate cadherin-F1,28  1125.05, p  0.05, average change 30–45 min
catenin complexes [16–18] and that p120-cateninafter stimulation) (Figure 3G). Overall, these results indi-
cate that in the absence of -catenin, synapses can (p120ctn) has been shown to stabilize cadherins [19],
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Experimental Procedureswe sought to investigate whether the -catenin mutation
leads to alterations in synaptic composition. Although
Antibodies and Immunoprecipitationbasal levels of E-cadherin were similar between wild-
The following primary antibodies were used: -catenin (rAb 5962
type and mutant mice (p  0.05), we found a significant and rAb 5964, [5]; -catenin, N- and E-Cadherin (BD Transduction
reduction in N-cadherin protein level in -cat/ animals Labs); -catenin (Cell Signaling); PSD-95 (Affinity Bioreagents); Pre-
senilin 1, Actin (Sigma); Synaptophysin, Vinculin (Santa Cruz Bio-(p  0.05) (Figure 4A, quantified in Figure 4D). The spe-
tech). Immunoprecipitations (1 mg protein/reaction) were incubatedcific reduction of N-cadherin is interesting because
overnight at 4C with anti-pan-Cadherin antibody (Sigma) in RIPAN-cadherin is uniquely modified in response to synaptic
buffer, followed by Ultra-link protein G beads (Pierce), washed three
activity [17]. We also found that the amount of cadherin- times with RIPA buffer, eluted with Laemmli sample buffer (Biorad),
associated-catenin was substantially reduced in -cat/ and resolved by SDS-PAGE.
animals, whereas the total amount of -catenin protein
Water Mazewas not changed (p  0.05) (Figure 4B). -catenin also
The water maze experimental protocol was followed as previouslyinteracts with PSD-95 [20], a critical component of the
described [25]. The pool is circular with a 1.2 m diameter and anpostsynaptic density complex [21, 22]. We found that the
11 cm diameter platform. Four bold, visible cues are located at
level of PSD-95 protein in -cat/ mice was significantly various positions in the room. The water is made opaque with non-
reduced compared to wild-type animals (p  0.05) (Fig- toxic white paint and maintained at 27C. Mouse movement is pro-
cessed by a digital tracking device (VP118, HVS Image). During theure 4C, quantified in Figure 4D), whereas the levels of
hidden test, the platform was submerged (1 cm) below the waterthe presynaptic protein Synaptophysin were unaffected
surface and kept in the same location throughout training. The mice(p  0.05) (Figure 4C). This suggests that the number
were given 2 trials daily (60 s ITI) for 14 days, and the startingof synapses may not be altered between wild-type and position was varied from trial to trial. Probe trials (PTs) were given
-cat/ and that it is consistent with the normal input- on days 8, 10, 12, and 14 of training, the platform was removed
output function observed at CA3-CA1 synapses of mu- from the pool, and the mice were allowed to search for it for 60 s.
In the visible platform test, a distinct symmetrical cue (black andtant animals. Reduction of PSD-95 protein levels as a
white golf ball) was fixed 5 cm above the center of the submergedconsequence of -catenin loss may likely affect multiple
platform. The animals were given 2 trials daily (60 s ITI) for 8 days,signaling pathways. -catenin also interacts with Pre-
and the starting position and the platform location were pseudoran-
senilin-1 (PS1), and in PS1/ null hypomorph mice, domly varied from trial to trial.
-catenin gene expression is significantly lower than in
Fear Conditioningcontrols [23]. We therefore examined PS1 protein levels,
Fear-conditioning experiments were performed as previously de-but found no difference between -cat/ and wild-type
scribed [10]. During training, mice were placed in the conditioninglittermates (p  0.05) (Figure 4C), although PS1 activity
chamber (chamber A) for a total period of 5 min. After an initial 2 min
may be altered in the absence of -catenin. Taken to- exploratory period, a 30 s, 90 dB tone (A-scale) was played, and a
gether, these results indicate that -catenin may be an foot shock (0.75 mA) was administered during the final 2 s of the
tone. The mice remained in the chamber for an additional 2.5 minessential modulator of both adherens junctions and the
after which they were returned to their home cages. To assessPSD, two critical synaptic components essential for syn-
contextual conditioning, mice were placed 24 hr posttraining intoaptic connectivity and plasticity.
chamber A for 5 min and scored for freezing. Cued conditioning
was assayed 48 hr after training by placing the mice in a novel
chamber (chamber B) and scoring freezing to the tone. A 2 min
Conclusions baseline exploration period was followed by a 3 min period in which
the training tone was played.Using a molecular genetic approach, we directly tested
the significance of -catenin for cognitive function
Rota-Rod
in vivo. Our results reveal that mice lacking the neuron- Mice were placed on a rota-rod (model 7850; Ugo Basile, Comerio,
specific adherens junction protein -catenin have severe Italy), which accelerated from 4–40 rpm. Eight trials of 300 s (30 min
but specific learning, synaptic plasticity, and synaptic ITI) were performed in 1 day, and latency to fall was measured.
Animals that fell during the first 10 s were retested. If an animalcomposition deficits that cannot be compensated for
passively rotated on the drum, it was scored as a fall.by other catenin family members in the brain, such as
p120ctn or -catenin. These results suggest a critical Open Field
role for -catenin in experience-dependent synaptic Open-field analysis was performed as previously described [26].
modifications and cognitive function. Loss of -catenin Mice were observed in a white circular arena of the same dimensions
as the water maze pool (60 cm in diameter) located in the sameleads to the selective loss of N-cadherin, but not
room, positioned over the pool, and lit with bright lights. The animalsE-cadherin, and we observe a reduction in PSD-95 pro-
were placed in the center of the arena, and movements were tracked
tein levels. Previous studies have shown that disrupting for 5 min with the HVS Image VP118 tracking system.
cadherin function results in deficient synaptic potentia-
tion [16], whereas the loss of PSD-95 leads to abnormally Electrophysiology
Wild-type and -cat/ mice, male and female, 5–8 months old, wereenhanced potentiation [24]. The reduction in both
used in 100 Hz, 100 pulse and 10 Hz, 100 pulse stimulation protocols.N-cadherin and PSD-95 protein levels in the -catenin
For 1 Hz, 900 pulse LTD experiments, mice ages 30  1 day were
mutant animals may therefore contribute to the nonlin- used. The experimental protocol was followed as previously de-
ear pattern of long-term plasticity changes and conse- scribed [27]. At the beginning of each experiment, a synaptic input–
quent learning deficits observed in the -cat/ mice. output curve was generated by plotting fEPSP slopes versus their
corresponding presynaptic-fiber volley sizes elicited at differentThese data point to a direct relationship between dele-
stimulus intensities. Slices that showed maximal fEPSP sizes 3tions of -catenin and mental retardation in Cri-du-Chat
mV were rejected. Test pulses that evoked 40%–50% of the maximal
but may also have implications for the role of adherens fEPSP slope were then applied once per min for baseline collection.
junctions in cognitive function and for understanding In some experiments, paired pulses were applied at various in-
terpulse intervals with test pulse intensity, and the resulting PPFssynaptic dysfunction in Alzheimer’s disease.
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were calculated as percentages of increase of the initial slope of the 6. Cho, Y.H., Friedman, E., and Silva, A.J. (1999). Ibotenate lesions
second fEPSP compared with the first fEPSP. PPF was measured at of the hippocampus impair spatial learning but not contextual
the following inter-pulse intervals (IPIs): 25, 50, 100, 200, and 400 fear conditioning in mice. Behav. Brain Res. 98, 77–87.
ms. LTP was induced by either two high-frequency stimulus trains 7. Brandeis, R., Brandys, Y., and Yehuda, S. (1989). The use of
(100 Hz; 1 s; 10 s ITI) applied at the test pulse intensity (100 Hz LTP) the Morris Water Maze in the study of memory and learning.
or by one intermediate-frequency train (10 Hz; 10 s) applied at the Int. J. Neurosci. 48, 29–69.
test pulse intensity (10 Hz LTP). LTP facilitation during the train is 8. Schenk, F., and Morris, R.G. (1985). Dissociation between com-
expressed as a ratio of the second and third EPSP amplitudes ponents of spatial memory in rats after recovery from the effects
normalized to the first. LTD was induced by stimulation at the test of retrohippocampal lesions. Exp. Brain Res. 58, 11–28.
pulse intensity at 1 Hz for 15min (900 pulses). The test pulses, as 9. Maren, S. (2001). Neurobiology of Pavlovian fear conditioning.
used for baseline collection, were resumed 1 min after the tetaniza- Annu. Rev. Neurosci. 24, 897–931.
tion to monitor the changes in fEPSP. The amount of LTP or LTD 10. Anagnostaras, S.G., Josselyn, S.A., Frankland, P.W., and Silva,
is expressed as a percentage of increase or decrease in the slope A.J. (2000). Computer-assisted behavioral assessment of Pav-
of fEPSPs relative to the baseline. The number of animals per experi- lovian fear conditioning in mice. Learn. Mem. 7, 58–72.
ment is listed in the legend for Figure 3. Results from multiple slices 11. Matynia, A., Kushner, S.A., and Silva, A.J. (2002). Genetic ap-
within the same animal were averaged for that animal as follows: proaches to molecular and cellular cognition: a focus on LTP
input-output curve (n  10 wild-type, 10 knockout), PPF (n  15 and learning and memory. Annu. Rev. Genet. 36, 687–720.
wild-type, 13 knockout), 100 Hz (n  14 wild-type, 17 knockout), 12. Rogan, M.T., Staubli, U.V., and LeDoux, J.E. (1997). Fear condi-
10 Hz (n  13 wild-type, 11 knockout), 1 Hz (n  8 wild-type, 8 tioning induces associative long-term potentiation in the amyg-
knockout). dala. Nature 390, 604–607.
13. Beurrier, C., and Malenka, R.C. (2002). Enhanced inhibition of
Data Analysis synaptic transmission by dopamine in the nucleus accumbens
Two-way ANOVA with repeated measures was used to analyze the during behavioral sensitization to cocaine. J. Neurosci. 22,
acquisition data from the water maze and rota-rod tasks and the 5817–5822.
facilitation of the second and third pulses during the LTP tetani.
14. Thompson, R.F. (1997). Cerebral substrates of Pavlovian condi-
Single-factor ANOVA was used in all other comparisons. 	  0.05.
tioning of discrete behavioral responses. Neurosci. Behav.
Physiol. 27, 635–637.
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